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U(1) extension of the Standard Model

 Common feature of many theories

« “Hidden gauge boson” (“dark photon”, A’) mixes kinetically with photon
—> hidden sector coupled to SM

* Equivalent to assigning small EM charge

Kinetic mixing
Holdom, Phys.Lett. B166 (1986) 196

e Lagrangian contains a term €y = €cos Oy

_ S oY g

e~ 107 — 1072
ma ~ MeV — GeV

o A’ Note: o /o = €
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Additional motivations

Uit DM DM*

DM A
A sub-GeV mass for the A’ could | \YV\N\’\’< -
explain dark matter anomalies... e r%£+ /S DAMA/LIBRA?
DM '

Nucleus Nucleus

Dark matter charged under a new U(1)'

magnetic dipole b ( q ) 3
moment 2Im .\
can be measured spin
very accurately

...and the anomalous magnetic
moment of the muon

g il ==

R arXiv:0906.0550
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http://arxiv.org/abs/arXiv:0906.0580
http://arxiv.org/abs/arXiv:0906.0580

Existing constraints
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Existing constraints

107>
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APEX: Dark photon search in fixed target experiment at
Jefferson Lab

CENTER FOR
COSMOLOGY
AND
PARTICLE
PHYSICS

10
16
1077
10—8 __________
107
10—10

APEX
proposal

Coupling strength
a'/a

137 - .““1_10—10

10- 1
my (GeV)

Bjorken, Essig, Schuster, Toro,
Wojtsekhowski, et al. proposed
a fixed target experiment to be
conducted at Thomas Jefferson
National Accelerator Facility,
in Virginia; test run for
experiment in June/July 2010

1072

e Full run: o' /a > 1077
m = 65 to 525 MeV
e Test run: o /oo > 107°
mar= 178 to 250 MeV
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Experimental signature

CENTER FOR
COSMOLOGY

Direct production of A" at JLab

/’ \\ AND
e Produced via high energy e beam incident on fixed high-Z (Ta) target  muveres
Signal « Decays to e e pair with opening angle ~ 1 4/ /E} N\
A . N
ectron, P = E0/2
. i
g 1 Dipole septum magnets allow for Septum " HRS-left
. | detection of e e~ produced at 7 _—
' small angles e ] .
Z ' N
' (O J— W target _\
% Oy ~ 5 . HRS-right
- A S
4 N i
2 Positron, P = E0/2 /
*« [ APEX Test Run Data, ~770K events //
v* 55‘.0 ~
: 4000 —
- S 2 Ay
, @ 3500 — i,
s £ T ﬂ** ,
> - A - _ 2
Y W 3000 A ~eo . 2
ST
Z - ¥ !
2500 — ;* #y
= ! *#tg
QED 2000— J * ;
- { #
backgrounds 1500 A M
e S e | — ; '{;” %m
" <. - 000 st o,
- I+ S ",
Y ) 500— .; \*"':’o
»,
> I~ — # o
Z 0 ( | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | IN
180 190 200 210 220 230 240 250
- J m,. .. (MeV/c?)

( Looking for a small, narrow bump on top of a smooth histogram of QED processes; excellent mass resolution required

)
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Jefferson Lab’s Hall A experimental apparatus
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APEX test run:

Beam current up to 150uA
Target: Ta foil, 22 mg/cm?
HRS Central momenta: 1.13GevV | oo oo e

Detector

Momentum acc: + 4.5% Hut

Electron beam energy: 2.26 GeV

Left HRS: 2.8 msr
Right HRS: 2.9 msr

I
I
I
I
I
I
Solid angle acceptance: |
I
I
I
I
I
|
|

1st VDC ,
Plane ——— —
Septum Hall A Center B
Target _ Target : ;
Center 4 Center o0
L | Central Trajectory _
NSNS : o~
OO N
NONSONNNN c
Top view ) N4 Dipole
S Septum Ql Q2
3 0.8 m
e | 20.76 m
Y I Y
J. Huang
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enclosure
(behind)
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Hall A High Resolution Spectrometers (HRSs)

O 2 segmented layers
Timing (to ID N OO of lead glass blocks
coincident e e pairs) NO~O Offline PID >

Online PID and
triggering

(Gas Cherenkov

E. Jensen
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Determining mass resolution

CENTER FOR

Two parallel VDCs provide accurate /
reconstruction of full 3D track of ) T v _
i , 150
particle as it enters the HRS : _ SN _ o
z crossouer sl 10y %100_—
« APEX: Electron singles rate from 0.7 to e g o ™ e e £ L
5.8 MHZ el E':wctwlre'é : E 5 E
: | Argon-CO2 || o=1amm A 2
 Rates are higher than ever used in Hall A migture |

-- 5 MHz (75 kHZ/Wire, 368 WiI'CS) | /: | f:i?)os;ne -501-{()‘ — e ‘1%2.‘ N ‘bl(lss' N T R T

@ Algorithm scans for 'V’ shaped clusters in time S. Riordan

Mass resolution depends on angular

Optics calibration :
and momentum resolution

Septum

Entrance * A mapping from measured coord.

at VDC to 3-momentum at target * HRS momentum resolution

—4 ..
e Sieve slit method excellent, 10~ ™; negligible

. * Angular resolution and multiple

scattering in target dominate
SO Beam
e mrad Optics Tracking |MS in target
e \ R o(horiz) 0.11 ~0.4 0.37
s o(vert) 0.22 ~1.8 0.37
Sieve Plate Vertex Test run mass resolution: ¢ ~ 0.85 - 1.11 MeV
J. Huang

James Beacham (NYU) APEX

(varies over mass range)
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Background rejection and final dataset

Reducible backgrounds

* Electron singles from inelastic or
electron-nucleon scattering

* Pions from virtual photon decays

* Proton singles

» Accidental ete™ coincidences

» eTe™ pairs from real photon conversions
Pion rejection:

* Production ratio in right HRS: et /7> 1/100

* Online pion rejection: factor of 30

* Offline rejection > 1/100 using both gas Cherenkov and calorimeters

Final event sample trigger:

* Double coincidence gas Cherenkov signal within 12.5 ns window in each arm

Final data sample consisted of 770500 true e"e coincident events with
0.9% (7.4%) meson (accidental e*e- coincidence) contamination

James Beacham (NYU) APEX Dark Interactions -- BNL -- 11 June 2014 14



Bump hunt / resonance search

NYU

Final invariant mass spectrum QED radiative trident / Bethe-Heitler events — essweweer

* Bump hunt for small, narrow resonance

|__APEX Test Run Data, ~770K events | APEX Test Run Data: Example Window
N 4000
S’ - M#jwmwﬂ%*m
£ 3500 4 WM 900
o - it i
& 3000( N ”MW _ 800
- # i .
2500— A M < -
= N kY S 7001
2000 \*:’ " > =
S ) £ 600
1500 / W, @ -
S ", > T
1000— e W 5001
— “I o :
500/ \%,, 400
0;r'ulso' ~ieo 200 10 220 230 '2)10'%7“?50 300 .
m,. .. (MeV/c?) - Window size = 30.5 MeV " ¥
. 200 :
Test run mass resolution: g ~ 0.85 - 1.11 MeV - 7th order polynomual fit
100 T
P(me-i-e—‘mA/,O',S,B,ai>:S.N(me+€_|mA/’O-) ;+BéP01ynomlal(m€+€_’ai) 0:||||||||||||||||||| Lt L b b b
209.525 MeV 240.025 MeV
Probability model 24
and profile AS) = L (S, B, az’) Test mass:
likelihood ratio ( ) T NN
L(S, B, a;) my=224.525 MeV
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Results from scan of test run data: S, P-values

APEX Test Run Data, Two-Sided Central Limit APEX Test Run Data, Raw Null P-values
19001 90% CL =
- 8, =1 MeV/c? > L
B — Upper Limit Q. |
1000— —— Lower Limit B
B Exp Limit, Asimov| = [|[==e=gp=====- -
i /\ /\ /\ ----- Exp Limit, Stat. 101
— : Sbestfit -
500 A A -
U AR o P2 I
il ) TiaAA
0 ‘ ‘ & t A iy . .ﬁ 10-2 -
L V V&Y :
-500 i 30
- Qo3 T
-1000— - For ~1000 pseudoexperiments based on
i 5 the test run data, 40% yielded a p-value
- i lower than 0.006
_1500_||IIII|IIII|IIII|IIII|IIII|IIII|IIII 10-4I|IIII|IIII|IIII|IIII|IIII|IIII|IIII
180 190 200 210 220 230 240 250 180 190 200 210 220 230 240 250
m,. (MeV/c?) m,. (MeV/c?)
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Upper limit on S—»upper limit on coupling

do(A") < 3me? ) ma Ssm 100 200 300 400 500

— — — 10-4 | ) | E3F A P I T T 1 I | P L I T 1T 1 l I l-
do(v*) 2N .ga0 ) om B}
/
(See APEX proposal)

107p Z
. BaBar -
Normalize all backgrounds to 7 background :S '

MAMI

|
|

 Ratio f of radiative-only cross section to full trident
cross section determined via Monte Carlo to vary ¢ p
linearly from 0.21 to 0.25 across APEX mass range 107

= APEX §
- Test ]
/ Sy NI T R S R N T S S A N WA S A N NN N S SR N
(Z) _ ( Smaa /T4 ) « (QNGHO‘) 1000 200 300 400 500
o ) f- AB/A?TL ST m,. [MCV]
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Test run results and full run status ¢
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JLAB-PHY-11-1406 / SLAC-PUB-14491

Test Its in PRL
Search for a new gauge boson in the A’ Experiment (APEX)
L]

e prl.aps.org/abstract/PRIL/v107/119/€e191804 5. Abrahamyan 2. Ahmed? K. Allda? D Aner T Averete? A, Barier K. Bardet . Beacham, 1. Bonoy?

+ = = = I.R. Boyce,'" P. Brindza,'® A. Camsonne,'” K. Cranmer,® M.M. Dalton,® C.W. de Jager,'*% J. Donaghy.” R. Essig,'!-*

C. Field,"" E. Folts,'" A. Gasparian,'® N. Goeckner-Wald,"* J. Gomez,' M. Graham,'’ J.-O. Hansen,'” D.W. Higinbotham,'"
L]

e arX1v:1108.2750

Al A1V .

T. Holmstrom,'* J. Huang,'* S. Igbal,' J. Jaros,'! E. Jensen,® A. Kelleher,'® M. Khandaker,'”!" 1.]. LeRose,"” R. Lindgren,®
N. Liyanage.® E. Long,'® J. Mammei,'® P. Markowitz,® T. Maruyama,'! V. Maxwell,” S. Mayilyan,' J. McDonald, !
R. Michaels,'” K. Moffeit,'’ V. Nelyubin,® A. Odian,'' M. Oriunno,'! R. Partridge,'’ M. Paolone,”” E. Piasetzky,'
I. Pomerantz,*' Y. Qiang,'” S. Riordan,'® Y. Roblin,'” B. Sawatzky,'” P. Schuster,'"** 1 J. Segal,'’ L. Selvy,'® A. Shahinyan,’
R. Subedi,* V. Sulkosky,'* S. Stepanyan,’® N. Toro,**#*# D, Walz,'"' B. Wojtsekhowski,'":# and J. Zhang'®

‘Yerevan Physics Institute, Yerevan 375036, Armenia
.‘S,\ru"u.\'e University, Syracuse, New York 13244
!L’nl\'en\':ly of Kentucky, Lexington, Kentucky 40506
*Saint Mary’s University, Halifax, NS B3H 3C3, Canada
5C¢1I[ege of William and Mary, Williamsburg, Virginia 23187
. *University of Virginia, Charlottesville, Virginia 2290.

g 2011

APEX 1s approved; JLab currently i
- |||'I|‘ I ) llll‘ B

2 o
] fis s o
commissioning beam after o ¥ Vempsal ]
1000 ',9()% confidence upper limit

soof [\ p M <

shutdown for upgrade to 12 GeV AL ALAN
° ° 500VVVVVW\/VVVG Ik
* Physics in 2015 N smdsrns T

Signal events
=)

sl

>
2 [0 L. IS AR PPN EPEPIPIN PP B
5 100 200 300 400 500

* Both APEX and HPS selected : D]
; FIG. 5. The 90% confidence upper limit on o' /e versus A’ mass
- 001 for the APEX test run (solid blue). Shown are existing 90% confi-

o ° : lgO 190 200 210 220 2.30 :'240 2350 dence level limits from the muon anomalous magnetic moment a,,
a O r rlO rl Al did s [MeV (fine hatched) [7], KLOE (solid gray) [14], the result reported by
A'candidate mass [MeV] Mainz (solid green) [ 18], and an estimate using 2 BaBar result (wide

hatched) [2, 12]. Between the red line and fine hatched region, the

running (next few years)

* Equipment fully funded

James Beacham (NYU) APEX

FIG. 4. Top: Background-only model p-value versus A’ mass.
Middle: Shaded gray region denotes 90% confidence limit, 50%
power-constrained allowed region [23]. 90% confidence upper limit
is shown in solid blue (dotted blue) when it is above (below) the ex-
pected limit (gray dashed). Red solid line denotes the best-fit for
the number of signal events S. For comparison, dot-dashed line in-
dicates contribution of statistical uncertainty to expected sensitivity,
if background shape were known exactly. Bottom: 90% confidence,
50% power-constrained, and expected limits as above, here quoted in
terms of ratio of signal strength upper-limit to the QED background,
B, in a 1-MeV window around each A’ mass hypothesis.

candidate masses within 15 MeV of the upper or lower bound-
aries, for which a window of equal size touching the boundary
is used. A binned profile likelihood ratio (PLR) is computed
as a function of signal strength § at the candidate mass, using
0.05 MeV bins. The PLR is used to derive the local prob-
ability (p-value) at S = 0 (i.e. the probability of a larger
PLR arising from statistical fluctuations in the background-
only model) and a 90%-confidence upper limit on the sig-

Dark Interactions -- BNL -- 11 June 2014

A’ can explain the observed discrepancy between the calculated and
measured muon anomalous magnetic moment [7] at 90% confidence
level. The full APEX experiment will roughly cover the entire area
of the plot.

dence. The most significant excess, at 224.5 MeV, has a local
p-value of 0.6%: the associated global p-value is 40% (i.e. in
the absence of a signal, 40% of prepared experiments would
observe a more significant effect due to fluctuations).

To translate the limit on signal events into an upper limit on
the coupling @’ with minimal systematic errors from accep-
tance and trigger efficiencies, we use a ratio method, normal-
izing A" production to the measured QED trident rate. We dis-
tinguish between three components of the QED trident back-
ground: radiative tridents Fig. | (b), Bethe-Heitler tridents
Fig. 1 (c), and their interference diagrams (not shown). The
A’ signal and radiative trident fully differential cross sections
are simply related [2], and the ratio f of the radiative-only
cross section to the full trident cross section can be reliably
comnnted in Mante Carln:_f varisc linsarly fram 0 21 tn 0125

18
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Dataset now public
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Welcome to INSPIRE, the High Energy Physics information system. Please direct questions, comments or concemns to
feedback@inspirehep.net.

:: HepNames :: INstituTions :: ConrFerences :: JoBs :: ExPerRIMENTS :: JOURNALS :: HEeLp

Information References (29) Citations (56) Plof ‘

Search for a New Gauge Boson in Electron-Nucleus Fixed-Target Scattering by
the APEX Experiment

APEX Collaboration (S. Abrahamyan (Yerevan Phys. Inst.) €t al.) Show all 66 authors

Aug 2011 - 5 pages

(As of 2 October 2013)
Informationl |Referencea| |Ci'.ations| WI Im

Q Search for a New Gauge Boson in Electron-Nucleus Fixed-Target Scattering by the APEX Experiment - APEX Collaboration
(Abrahamyan, S. et al.) Phys.Rev.Lett. 107 (2011) 191804 arXiv:1108.2750 [hep-ex], arXiv:1108.2750 [hep-ex] JLAB-PHY-11-1406, SLAC-
PUB-14491, JLAB-PHY-11-1406---SLAC-PUB-14491, JLAB-PHY-11-1406--SLAC-PUB-14491

THIS DATA COMES FROM

=
/ Description: The binned invariant mass spectrum of\e+e- pair events in the final event sample collected by APEX. The data correspond to Figure 3 of
the paper, with the 0.05 MeV binning used for the profjle likelihood analysis.

Go to the record

Description: The unbinned invariant mass spectrum pf e+e- pair events in the final event sample collected by APEX. The data correspond to Figure 3 of
the paper.

\ Go to the record /
-
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Plan for full run ¢
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Full run at JLab will take data for ~34 days at several |Settines e B < D e
. Beam energy (GeV) 22 44 11 3.3 PHYSICS
energy and spectrometer settings Central angle 50°  5.0° | 5.0° 5.0°
Effective angles 4.5-5.5 4.5-5.5 | 4.5-5.5 4.5-5.5
* Possible modifications to original run plan could take |  Tarset 7/Xo (ratio®) e o | 09UANTS) 86
) . . Beam current (zA) 70 60 65 80
advantage of higher beam energies and wider angles Central momentum (GeV) 1.095 2189 | 0.545 1.634
. . : Singles (negative polarity)
(with afljustment of septum magnets) to access higher o (MHz) 5 i - 55
my4’ region 7~ (MHz) 0.1 1.7 0.03 0.9
Singles (positive polarity)
7+ [p] (kHz) 90 1700 | 30 900
et (kHz) 27 5 23 17
Trigger/DAQ:
Trigger® (kHz) 3.0 31 3.15 3.3
Coincidence Backgrounds:
Trident: e=Z — e~ete”Z (Hz) | 500 110 330 370
ete™ from real v conversion (Hz) | 30 16 4 45
Accidentals ¢ (Hz) 55 30 70 40

Cover a larger mass range using a
50-cm long multifoil target

schematic overhead view I5pym W
—_—

o B

beam
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Work in progress for full run ¢

NYU
Front view Magnet top Vlew CENTER FOR
_ e

COSMOLOGY

AND
PARTICLE

New septum magnets

e Magnet parts produced

e Contractor currently testing coils

e Sensitivity projections currently
being updated with new acceptance

New optics method

e Scintillating fiber (SciF1) hodoscope
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Plan for full run

[APEX Test Run Results]

107° — (Full Run Projected Sensitivity)

- Full run statistics of e™e™ pairs
+ will be ~200x larger than test run,
. allowing sensitivity to

HPS

10~°

10_10 / ) .
o' /o = €” 1-2 orders of magnitude

10715 = e - below current limits

mey (GeV)

JLab commissioning 12 GeV beam now -- physics in 2015
« Hall A schedule still being finalized; APEX ready to run in the first or second year
* New SciF1 optics calibration method and septum magnets

 Data acquisition rate improvements (up to 5 kHz)
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Hidden forces in public
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DARK PHOTONS AT NOON

TED*FultonStreet

x = independently organized TED event

2014 Program

FultonStreet

=independently organized TED event

{IEFFELIN
[ James Beacham
ExPERIMENTAL PARTICLE PHYSICIST

{ Physicist at New York University }
Dr. James Beacham is an experimental high energy particle
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Backups
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Hall A High Resolution Spectrometers (HRSs)

CENTER FOR
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Table 1: Main design characteristics of the Hall A High Resolution Spectrometers at nominal target
position. The resolution values are for the FWHM.

Configuration QQD,,Q Vertical bend

Bending angle 45°

Optical length 23.4 m

Momentum range /O—HO'GE’«SLG\

Momentum acceptance < -4.5% < ép/p <+4.5% >

Momentum resolution 1x10~4

Dispersion at the focus (D) \T?Tn/

Radial linear magnification (M) -2.5

D/M 5.0

Angular range HRS-L 12.5° - 150°

HRS-R 12.5° - 130°

Angular acceptance: Horizontal +30 mrad
Vertical +60 mrad

Angular resolution : Horizontal 0.5 mrad
Vertical 1.0 mrad

Solid angle at dp/p =0, yo =0 6 msr

Transverse length acceptance +5 cm

Transverse position resolution 1 mm
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